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BACKGROUND
Alloys of tungsten have been developed as potentially safer alternatives to depleted uranium in the manufacture of armour-piercing munitions. These materials have many attractive characteristics for this purpose including the fact that they are both dense and tough and their physical properties can be tuned by modifying their elemental composition [1] . Due to the high melting point of tungsten, these alloys are manufactured by mixing a fine tungsten powder with small quantities (typically less than 10 % w/w) of other metal powders, such as cobalt, copper, iron and nickel. The mixture is heated so that the other metals melt and some of the tungsten powder dissolves in the liquid alloy so that when the mixture cools it forms a composite of the residues of the tungsten particles bound together by an alloy enriched in the non-tungsten constituents [1] . Figure 1 shows the structure and composition of the alloy WNC-91-6-3 which is comprised of 91% W, 6% Ni and 3% Co by mass. The composition of the binding alloy is actually 49% W; 34 % Ni; 17% Co when expressed by weight (w/w) and 23.5% W; 51% Ni; 25.5%
Co when expressed by molarity. Because of this, there are safety concerns about these materials since it has long been established that metallic Ni and Co, in both powder and pellet form, are carcinogenic when implanted into rat muscles [2, 3] . Furthermore, WNC 91-6-3 itself has also been investigated and, when implanted into the thigh muscles of F344 rats all animals developed aggressive rhabdomyosarcomas that metastasized to the lung within 4 to 5 months [3] . It is believed that the mechanism of toxicity of these materials is related to preferential dissolution of the binding alloy into biological fluids resulting in the release of high concentrations of nickel and cobalt ions, which are detectable in urine of rats following implantation with pellets of alloy WNC 91-6-3 [4, 5] . WNF 97-2-1 pellets in contrast do not contain cobalt and also display far less corrosion in rat muscles, leading to lower concentrations of metals detectable in urine and no elevated cancer rate [5] .
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There is a clear need to develop robust in vitro screening tests to identify potentially carcinogenic alloys thereby reducing the need for expensive in vivo testing. We have previously described the development of a rapid in vitro exposure model capable of differentiating between carcinogenic and non-carcinogenic alloys using a cultured rat skeletal muscle cell line (L6-C11). On dissolution, particles of WNC-91-6-3
were found to generate reactive oxygen species, killing cells in their immediate vicinity, and induce DNA damage in the bulk population of cells in culture. Further mechanistic studies also showed that WNC 91-6-3 inhibited caspase 3 activity and altered gene expression in a manner consistent with carcinogenesis [6] . The aim of the current study was to further assess the likely hazard to human health of these materials by investigating whether human primary skeletal muscle cells (HSkMC) respond similarly to the previously studied rat cell line, and whether the properties of particles change upon long term storage, thereby altering their toxicity in a cell culture system.
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RESULTS
Behaviour of particles in cell culture
The overall viability of HSkMC and L6-C11 cultures treated with alloy particles was assessed using the Toxilight® adenylate kinase assay (Lonza), revealing no significant increase in adenylate kinase release into the media. Visual analysis by microscopy, however, showed that treatment with all types and ages of WNC particles resulted in formation of regions of dead and apoptotic cells around the particles (Figure 2 ). In contrast, no damage was apparent in response to tantalum or WNF 97-2-1 particles. Unlike the L6-C11 cells [6] , it was not possible to maintain the differentiated HSkMC cells in culture for long enough to follow the process until particle disintegration occurred.
Induction of DNA strand breaks by WNC particles
DNA strand breaks were determined by the Comet assay. Treatment of HSkMC cells with WNC 97-2-1 statistically significantly elevated DNA strand breaks compared with untreated controls ( Figure 3A) .
Similar results were obtained for WNC 91-6-3 particles that had been stored for 7 or 67 months ( Figure   3B ) but tantalum or WNF 97-2-1 exposures resulted in no significant changes. However, treatment with WNC 91-6-3 particles that had been stored for 39 months did not significantly alter DNA strand breaks ( Figure 3A) . Similarly, when rat L6-C11 cells were exposed to the 39-month old particles no significant induction of DNA strand breaks was observed (data not shown).
Inhibition of caspase 3 by WNC particles
Caspase 3 enzyme activity was not significantly altered in human HSkMC cells following treatment with any of the particles investigated (Figure 4 A, B) . In rat L6-C11 cells however, caspase 3 activity was significantly reduced following treatment with WNC 91-6-3 particles. Furthermore, the newest particle preparation WNC 91-6-3 (7 months) elicited a significantly lower caspase 3 activity in the rat L6-C11 cells than the oldest particle preparation WNC 91-6-3 (67 months) (Figure 4) .
Transcriptional changes following treatment with WNC particles
Two independent transcriptomics experiments were carried out using microarrays and analysed separately. Lists of differentially expressed transcripts were generated by finding those statistically significantly (FDR<0.05) altered in expression versus the relevant untreated control group, and restricting these lists to only those transcripts displaying a 1.3-fold or higher fold change versus the controls. The fold change cut-off was performed in order to focus on those transcriptional changes that were more likely to be biologically significant. The numbers of differentially expressed transcripts discovered under these criteria are shown in Table 1 . The tantalum control treatment resulted in differential expression of 776 transcripts in the first experiment, but this was not confirmed in the second experiment, where no significant changes were detected. WNF 97-2-1 led to minimal transcriptional changes. WNC 97-2-1 led to 827 transcriptional changes, 91% of which were also detected in one or more WNC 91-6-3 treated groups ( Figure 5A) . WNC 91-6-3 exposures led to very extensive transcriptional changes ( Table 1) , 87% of the transcripts identified as altered after WNC 91-6-3
(39) exposure were also altered by WNC 91-6-3 (7) or WNC 91-6-3 (67) exposure ( Figure 5B ). The second transcriptomics experiment appeared more sensitive, detecting additional changes in response to WNC 91-6-3. There were no significant differences in transcript expression between WNC 91-6-3 (7) and WNC 91-6-3 (67) but there was a general trend towards a greater magnitude of change with the newer WNC 91-6-3 (7) particles ( Figure 5B ). As two independent experiments had been carried out, this enabled the Multivariate principal components analyses (PCA) were carried out on transcriptomic data from all samples and scores plots were generated. In experiment 1, WNC 91-6-3 (39) and WNC 97-2-1 were clearly separated from all other treatment groups (Figure 6 ), WNF 97-2-1 samples separated from controls but showed high inter-individual variability, tantalum samples overlapped with controls but were less variable. In experiment 2, WNC 91-6-3 (7) and WNC 91-6-3 (67) were clearly separated from controls; controls and tantalum-treated cells overlapped ( Figure 7) . As illustrated by Figures 6 and 7 , the tantalum-exposed cell cultures in the second experiment displayed greater inter-culture variability than in the first experiment. The reason for this is not clear but may be related to biological variability and the lower number of controls used in the second experiment.
Annotation enrichment analyses were performed with DAVID, resulting in detection of highly significant associations between the differentially expressed transcripts following particle exposure and a number of biological pathways, processes, functions and components. These data are shown in full in [Additional File 2], and enrichment scores for selected terms are shown in Table 2 . Notably there was a high degree of consistency between all WNC 91-6-3 exposures and a comparable, though less extreme, response to WNC 97-2-1. Particle exposures induced transcripts encoding members of key biological
pathways including glycolysis, response to hypoxia, response to oxidative stress, anti-apoptosis and angiogenesis. Pathways whose members were transcriptionally repressed were particularly associated with differentiated muscle tissue, including muscle protein, contractile fibre, actin, differentiation and calcium ion binding.
Class prediction was carried out using the Support Vector Machines algorithm. The transcriptomic data from exposure of rat L6-C11 cells to alloy particles [6] , limited to those genes with known rat and human orthologs that were detected in all microarray experiments, were used to train the classification algorithm, which was then applied to classify the sample groups from HSkMC experiments 1 and 2. were classified as L6-C11 controls. Table 3B shows experiment 2 HSkMC cells exposed to WNC 91-6-3 (7) and WNC 91-6-3 (67) were classified as rat L6-C1cells exposed to WNC 97-2-1, while HSkMC control, and tantalum exposures were classified as L6-C11 controls. When the experiment 1 HSkMC data were used to train the algorithm and used to classify experiment 2 groups, both WNC 91-6-3 exposures were classified as WNC 91-6-3, while control and tantalum exposures were both classified as controls (Table   3C ). In all cases cobalt-containing alloys could be distinguished from controls and alloys containing no cobalt. Principal components analysis was carried out on group mean expression of transcripts significantly altered in L6-C11 cells exposed to alloys (1-way ANOVA, FDR<0.05), normalized to the mean of control group values for each experiment. PCA also demonstrated a common response between the rat and human cells. As shown by the PCA scores plot (Figure 8 ), rat and human cells were separated along principal component 1 (PC1) while cobalt-containing alloys were separated from controls and cobalt-free alloys along PC2.
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DISCUSSION
The responses of primary human HSkMC cells to tungsten alloys displayed considerable similarity to those of the rat L6-C11 cell line shown previously [6] . Particles of tungsten nickel cobalt alloys, but not tantalum or tungsten-nickel-iron, killed both L6-C11 and HSkMC cells in their immediate vicinity ( Figure   2 ). Despite this acute local toxicity, the overall viability of the cell cultures was not reduced, as measured by adenylate kinase release. Therefore, for the majority of cells in culture, the exposure was sub-lethal, allowing mechanistic investigation. These findings were consistent with those reported previously for rat and mouse cells exposed to a re-constituted mixture of W, Ni and Co powders [7] .
In common with rat L6-C11 cells, the human HSkMC cells showed no increase in DNA strand breaks with tantalum and WNF 97-2-1 treatment, but DNA damage was significantly increased by WNC 97-2-1 and
by WNC 91-6-3 at 7 and 67 months post particle manufacture. The lack of detection of DNA damage with exposure to WNC 91-6-3 at 39 months ( Figure 3A ) is difficult to explain, especially as these particles did affect other measured parameters, but may be due to oxidation on the surface of the particles affecting the rate of dissolution of one or more of the metals in the binding alloy, metal ion interactions with chromatin structure [8] or high numbers of apoptotic cells [9] .
The response of caspase 3 enzyme activity to alloy particle exposure was markedly different between the rat L6-C11 cell line and human HSkMC primary cells. In agreement with previous results [6] caspase by cell culture and cell type differences, as L6-C11 is an immortalized myocyte cell line while HSkMC cells are primary myocytes. There was an indication that particle age affected the caspase 3 response, as activity was significantly less in 7 month old than in 67 month old WNC 91-6-3 samples, which suggests
that the toxicological properties of these materials is at least partly determined by their surface and that particle age and storage needs to be carefully taken into account in any future testing of these and related materials.
Transcriptomic analysis demonstrated that cobalt-containing alloys caused extensive changes in gene expression in human HSkMC cells (Figure 6 ), and that this was reproducible in an independent follow-up experiment ( Figure 7 ; Table 3C ). Tantalum did not elicit reproducible gene expression changes, while the iron-containing alloy, WNF 97-2-1, elicited only a few. WNC 91-6-3 particles of different ages, when tested in parallel (7 months and 67 months) showed no statistically significant differences in transcription, but there was a trend towards a reduction in degree of response with the older alloy, reflected in the lower number of genes passing a 1.3-fold cut-off ( Figure 5B ). The responses of rat L6-C11 cells [6] and human HSkMC cells to treatment with WNC 91-6-3 showed broad similarities when compared by principal components analysis ( Figure 7 ) and rat cell responses could be used to classify human cell sample groups ( Table 3 A, B), again implying similarity between the molecular responses to alloy particles of human primary muscle cells and a rat muscle cell line.
To characterize the transcriptomic responses of HSkMC cells to alloy particles and compare these with the responses of rat L6-C11 cells, functional annotation analyses were performed. Many functionally related groups of genes were either induced or repressed in HSkMCs in response to WNC alloys ( Table   2 ); [Additional File 2]. While changes in the amount of a particular mRNA transcript does not necessarily predict increased protein production or enzyme activity, the identification of consistent changes for multiple transcripts from the same pathway increases confidence in the predicted biological effects.
Gene expression profiling studies previously carried out on rat L6-C11 cells exposed to WNC 91-6-3 [6] showed repression of transcripts encoding muscle-specific proteins and induction of transcripts Human HSkMC cells showed highly statistically significant repression of transcripts encoding musclespecific proteins, together with repression of differentiation-associated genes. These changes are consistent with the apparent de-differentiation observed in longer-term cell culture of rat L6-C11 cells with WNC 91-6-3 particles [6] , the blocked differentiation of muscle cells observed in vivo in rhabdomyosarcoma [10] and the cobalt-induced atrophy of skeletal myotubes [11] .
WNC 91-6-3 and WNC 97-2-1 particles have been shown previously to generate high levels of reactive oxygen species in cell culture media, as does cobalt, but not nickel [6, 12] . Further evidence for a role of ROS in the mechanism of action of WNC particles was provided in the current study by the transcriptional induction of a cellular oxidative stress response via the NRF2 pathway, determined from microarray data. This included induction of genes encoding antioxidant enzymes such as superoxide dismutases, peroxiredoxin, sulfiredoxin and NAD(P)H dehydrogenase (SOD1, SOD2, PRDX1, SRXN1, NQO1) and components of the glutathione system such as glutamate-cysteine ligase, glutathione reductase, a glutathione peroxidase and glutathione-S-transferases (GLCLC, GSR, GPX3, GSTO1, GSTP1).
While these changes could be adaptive to oxidative stress, there are other indications that the antioxidant capacity of the cells is exceeded, leading to oxidative DNA damage and an inflammatory response including transcriptional induction of cytokines (IL1B, IL6, IL8, IL11). region was activated when HepG2 cells were exposed to W, Ni and Co powders or a mixture of the three [15] . Metallothioneins have long been used as biomarkers of metal ion exposure and oxidative stress [16] and MT proteins are also over-expressed in certain tumours [17] . 3',5'-cyclic-AMP phosphodiesterase transcripts (PDE4B,C,D, 7B, 8A) were induced by WNC 91-6-3, implying interference with cAMP signaling.
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There was a clear induction of other genes responsive to hypoxia, notably haem oxygenase 1 (HMOX1), highly induced in rat cells exposed to WNC 91-6-3, and HILPDA (hypoxia inducible lipid dropletassociated) consistent with the well-known hypoxia-like effects of cobalt ions [18] and nickel ions [19] .
Cobalt has been shown to stabilize HIF1-alpha protein [20] independently of transcription, and in these experiments no transcriptional induction of HIF1-alpha was found, indeed it was mildly but significantly repressed by WNC 91-6-3. Carbonic anhydrase IX (CA9) was highly and significantly induced by WNC 91-
A C C E P T E D M A N U S C R I P T
ACCEPTED MANUSCRIPT 14 6-3; this transcript is induced by hypoxia and ameliorates acidosis in tumour cells [21] . Related to the hypoxia-like response was a significant induction of angiogenesis genes such as vascular endothelial growth factor A (VEGFA). Additional proliferative genes were also induced; VEGFC, epidermal growth factor receptor (EGFR), activating transcription factor 3 (ATF3), several oncogenes (ETS1, MAFG, MYC, RELA and LYN) and JUN proto-oncogene. Despite the lack of caspase 3 inhibition in HSkMC cells exposed to WNC alloys, microarray data predicted that other routes to evade apoptosis were activated, as genes associated with negative regulation of apoptosis were significantly induced. These included BIRC3, BCL6, ETS1 and MDM2. These functional categories of genes are interlinked; particularly response to hypoxia, angiogenesis, proliferation and anti-apoptosis. DNA hypomethylation is also considered to be a key feature of tumour cells [22] and transcription of methyltransferases was significantly repressed with WNC, raising the possibility of epigenetic changes in response to alloy exposure, as has previously been reported for WNC-91-6-3 [23] .
The diverse groups of functionally related genes that were differentially expressed in response to WNC alloys showed remarkable similarities with those contributing to the phenotype of cancer cells. The "hallmarks of cancer" [25, 26] are biological capabilities acquired during the multi-step development of human tumours. Table 4 shows transcriptional changes following treatment of cells with WNC 91-6-3 compared with the "hallmarks of cancer". The microarray data and biochemical assays provide evidence for pro-carcinogenic changes relevant to at least eight of the ten hallmarks. Taken together, these data strongly suggest that WNC treatment results in a cellular environment in which carcinogenesis is more likely to occur. This is consistent with the rat L6-C11 cell data [6] and with both rat and mouse in vivo data, where WNC pellet implantation led to rhabdomyosarcoma [3, 27] . Rat tumours induced by WNC-91-6-3 similarly showed disruptions to cellular energetics and loss of muscle-specific gene expression, but also showed additional changes in gene expression related to cell cycle and cell division, 
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We have previously shown that the cobalt-containing tungsten alloys (WNC) generate reactive oxygen species within tissue culture media [6] as does elemental cobalt, but not nickel, and this is consistent with their ability to induce DNA strand breaks and transcriptional changes indicative of cellular oxidative stress in cultured cells. In the current study we have shown that tungsten-nickel-cobalt alloys undergo changes in their ability to affect specific toxicological endpoints in cells on storage, but that these changes did not undermine the ability of transcriptomics to identify gene expression profiles consistent with pre-neoplastic change in these materials. Indeed the transcriptional response of cultured muscle cells from two species (human and rat) to these materials was remarkably stable over an extended period of time. In vivo rodent studies utilizing alloy pellets have demonstrated preferential dissolution of the tungsten-nickel-cobalt binding matrix in comparison with the pure tungsten particles [5] ; this dissolution, attributed to galvanic corrosion, was significantly faster for WNC 91-6-3 pellets than for WNF 97-2-1 pellets. Although based on tests from a limited number of alloys, the in vitro results from
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16 L6-C11 cells are predictive of the carcinogenicity seen in vivo when alloy pellets are implanted into rats.
As both nickel and cobalt metal particles are rodent carcinogens [2, 3] , it is not unexpected that tungsten-nickel-cobalt alloys are also carcinogenic when implanted into rodent muscles [3, 5] . The lack of comparable carcinogenicity of tungsten-nickel-iron (WNF 97-2-1) in rats requires further explanation but is indicative of the importance of cobalt in the mechanism of carcinogenicity of these materials. WNF 97-2-1 dissolves more slowly, at least from pellets [5] , produces only small quantities of reactive oxygen species compared to WNC 91-6-3, [6] and results in relatively few gene expression changes in HSkMC 
METHODS
Materials
Particles
Tungsten heavy metal alloys and tantalum chips were provided by Rheinmetall Waffe Munition GmbH.
The alloy particles were cleaned and sterilized by ultrasonicating three times in acetone and dried and packaged aseptically by Dstl (Porton Down, Salisbury, UK). Particles were examined by scanning electron microscopy, dimensions of samples were measured and particle surface areas estimated. The quantities of material used in each experiment aimed to give a surface area of 207mm 2 per tissue culture flask, based on the results of Miller et al [35] . Two independent experiments were carried out, the first used untreated controls, tantalum, WNF 97-2-1, WNC 97-2-1 and WNC 91-6-3 at 39 months post production, denoted as WNC 91-6-3 (39). The second experiment used untreated controls, tantalum, WNC 91-6-3 at 7 months post production, denoted as WNC 91-6-3 (7) and WNC 91-6-3 at 67 months post production, denoted as WNC 91-6-3 (67). The WNC 91-6-3 (39) and (67) particles were the same batch tested at different times, while WNC 91-6-3 (7) was a new preparation.
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Cells and exposures
The rat L6-C11 cell line was cultured as reported previously [6] . Human cells (HSkMC, Lot no 2527, obtained from a 37 year old male) were resuscitated and cultured in a 75 cm² collagen-coated tissueculture flask using HSkMC growth medium as directed by tebu-bio. Cells were trypsinised and then stored in the vapour phase of liquid nitrogen in cryopreservation medium (HSkMC basal medium 75% v/v: foetal bovine serum 15% v/v: dimethylsulphoxide 10% v/v). These aliquots of frozen cells were used in subsequent experiments to ensure that all the cells had undergone a similar number of divisions. Cells were exposed to alloy particles suspended in media as detailed previously [6] . Briefly, HSkMC cells were grown to near confluence in 75cm 2 tissue culture flasks, the growth medium was replaced with differentiation medium and the cells allowed to differentiate for four days prior to being exposed to particle suspensions in HSkMC differentiation medium (tebu-bio) for 24 hours.
Assay Methods
Experimental procedures for cell culture, measurement of DNA damage by Comet assay and measurement of caspase 3 activity were performed as per Harris et al. [6] . Briefly, cell viability was measured using the Toxilight® adenylate kinase assay kit (Lonza, Rockland, Maine, USA). Caspase-3 activity was measured using the EnzChek Caspase-3 Assay Kit #2 (Invitrogen, Paisley, Scotland). The comet assay method employed was based on that devised by Dusinska and Collins [36] . Measurement of percent tail DNA was chosen to assess the extent of DNA damage as this has been shown to suffer much less from inter-run variation than other comet parameters [37] .
Microarrays scrape harvested in 500 µl RNAlater (Qiagen) and then stored at -75°C. Total RNA was extracted from the cells using an RNeasy minikit (Qiagen). In order to obtain RNA of sufficient purity for labelling, the standard protocol was modified by the inclusion of an extra wash with 80% ethanol (700 µl) after the initial wash step. For the first experiment, 50 samples were prepared; untreated controls (n=26), tantalum-treated (n=6); WNF 97-2-1 (n=6); WNC 97-2-1 (n=6) and WNC 91-6-3 (39) (n=6). For the second experiment, 40 samples were prepared; comprising untreated controls (n=10); tantalum (n=6); WNC 91-6-3 (7) (n=6) and WNC 91-6-3 (67) (n=6). The isolated RNA samples were stored at -75°C until all samples had been obtained, after which they were packed in dry ice and transferred to the Functional Genomics and Proteomics Facility (School of Biosciences, University of Birmingham, UK). Here, the samples were randomised and cRNA was prepared, labelled with either Cy3 or Cy5 fluorescent dyes. An aliquot of each of the fluorescent-labelled samples was combined to produce separate Cy3-labelled and Cy5-labelled reference pools for each experiment. The fluorescent-labelled samples in each treatment group were then randomly assigned to one of two equal-sized groups in a random sequence, Cy3-labelled samples from one group were mixed with aliquots from the Cy5-labelled pool, and Cy5-labelled samples from the other group were mixed with aliquots from the Cy3-labelled pool. The resulting mixtures were hybridised to Agilent human gene expression 4×44k microarray slides, Design ID 026652, which were incubated, washed and scanned according to the manufacturer's instructions. MIAMEcompliant microarray data are available in the ArrayExpress database (www.ebi.ac.uk/arrayexpress) under accession numbers E-MTAB-2991 and E-MTAB-2993.
Microarray Data Analysis
One tantalum-exposed sample was removed as an outlier from the second experiment. Data were dye- 
